The first part of the review covers the results of studies of nanocrystalline single-phase hard magnetic materials, mainly on the basis of compounds of rare earth metals produced by super-fast melt quenching with its subsequent crystallization, mechanical alloying and other rapid solidification techniques such as vapor deposition, etc. Specific features of microstructure, magnetic properties, and mechanisms of magnetic hardening of such alloys are considered. The discussion of magnetic properties of nanocomposite magnets focuses on the exchange interaction of hard magnetic phase with nanoparticles of soft magnetic phase known as the spring interaction effect. The process of magnetic reversal of nanocomposite magnets is discussed.
Introduction
To date, significant progress has been made in the production of permanent magnets: on sintered anisotropic Nd-Fe-B magnets, a record value of the maximum energy product (ВН) max = 46 kJ/m (57.8 μg⋅Oe) with residual induction В r = 1.533 T (15.33 kg) and coercive force Н сВ = 776 kА/m (9.75 kOe) and Н сМ = 784 kА/m (9.85 kOe) has been obtained; industrial production of magnets with (ВН) max ≥ 400 kJ/m (50 μg⋅Oe) has been established [1] . The obtained record value (ВН) max is close to the theoretical limit theor max ) (BH = (4πМ s /2) 2 = 480 kJ/m 3 if В r = 1.55 T (in the production of anisotropic sintered magnets, it is necessary to introduce a certain amount of a liquid phase additive, which somewhat lowers the residual induction). In the opinion of most researchers and developers of hard magnetic materials, the probability of finding a new intermetallic compound with a higher saturation induction (i.e., more than 1.6 T) and with a high uniaxial crystalline magnetic anisotropy in order to obtain more powerful permanent magnets is very low. Considering this point, when developing new hard magnetic materials, more attention has been paid to modern nanotechnologies for the production of various functional materials as nanocrystalline materials possess a number of unusual properties that are of undoubted interest from both a scientific and technological perspectives. At the same time, it is noteworthy that the price-efficiency ratio is another important parameter of hard magnetic materials; various areas of industrial application of permanent magnets include a whole range of different properties of permanent magnets and high values (BH) max at room temperature are not always dominant.
The properties of materials, in which the size of the crystallites/grains have a nanoscale value, differ from the properties of conventional massive materials because of the increase in the effect of interfaces on the various kinds of interactions in the material. For example, in ferromagnetic 3d-metals, the magnitude of the magnetic moment is determined by the features of the band structure. Near the interface, this value can AM&T vary sharply due to the compression of the zone caused by a decrease in the coordination environment, and the magnetic moment of the atoms in the nanoparticles becomes larger than in the case of a massive material. In magnetic materials, these unusual properties already find their application in soft and hard magnetic materials, in materials for magnetic recording and they have great prospects in materials for magnetic refrigerators [2] .
The theoretical basis of research in the field of nanocrystalline hard magnetic materials remains the dependence of the coercive force on the size of the magnetic particles (Fig. 1) , which was found in the 1950s [3] . In accordance with this dependence, the coercive force of the powder permanent magnets increases with decreasing particle size, passing through a maximum when the single-domain state is reached, and then decreases again at an ultra-small size due to the influence of thermal effects and becomes zero at the particle size providing a transition to the superparamagnetic state. For anisotropic materials (either with high crystalline anisotropy or with high form anisotropy) with a sufficiently high saturation magnetization M s , the size of the single-domain state is equal to the micron fraction (Table 1) and, therefore, when a microstructure with the size of such particles is realized in the material, we obtain high values of coercive force. It should be noted that such microstructures are obtained both artificially (mainly in REM-based alloys) or naturally by special heat treatment (for example, in alloys of Fe-Ni-A1-Co, Fe-Cr-Co).
The first works on production and study of nanocrystalline hard magnetic materials were carried out on amorphous R-Fe (R = Tb, Sm) alloys, during the crystallization of which nanosized RFe 2 particles with the Laves phase structure and large coercive force at room temperature were obtained [5] . In the late 1970s, in connection with the general global crisis in the production of cobalt, intensive research was carried out on the study of the REM-based hard magnetic alloys rich in iron, such as Pr(Nd)-Fe.
The success was achieved in 1983, when G.C. Hadjipanais [6, 7] and J.J. Croat [8] , using the melt spinning technology, obtained a large coercive force on the Pr-Fe-B(Si) and Nd-Fe-B alloys, respectively. The large values of the coercive force in both cases were due to the strongly anisotropic tetragonal phase R 2 Fe 14 B (K = 4.5⋅107 erg/cm 3 ) of the nanoscale value obtained after the crystallization of the spinning flakes [9] . These works have opened new horizons in the field of creation of new hard magnetic materials. Indeed, many other systems based on 11:12, 2:17, 2:17 N(C) x , 3:29, 1:5 etc., were then studied with a nanoscale microstructure and with large coercive force values [10 -14] . In addition to the melt spinning technology, superfast crystallization technologies were studied by casting a melt onto a rapidly rotating copper disk, rapid vapor deposition technology [15 -17] , atomization [18] , and mechanical doping [19] to produce nanocrystalline hard magnetic materials. Using the sputtering method, nanomeric СоРt and FePt alloys were obtained to produce materials with a high recording density [20, 21] .
The maximum energy product (BH) max , which characterizes the power of a permanent magnet, depends primarily on the remanent magnetization М r with a theoretical limit [31] . Acceptable values of H сМ can be obtained in such mixtures, even when the fraction of the hard magnetic phase is only 10 vol. %. Another class of nanocomposite materials are the precipitation-hardening 2:17 alloys of the composition Sm(Cо, Fe, Cu, Zr) z , the Fе-Ni-А1-Со, Fе-Сr-Со, Сu-Ni-Fе, Сu-Ni-Со alloys. The most impressive results from the point of view of obtaining high values of (BH) max were obtained on alloys 2:17. The complex microstructure of these massive magnets consists of finely dispersed cells (with cells of phase 2:17, bounded by the walls of phase 1:5) and a system of platelet precipitates (of Z-phase) [32] . The relationship between the size and chemical composition of these phases controls both the magnitude and the temperature dependence H сМ .
Nanocrystalline Single-Phase Hard Magnetic Materials
In the 1980s, nanocrystalline REM intermetallic compounds were used as a tool in the study of new anisotropic phases for permanent magnets by crystallization of an amorphous precursor and determination of the coercive force of crystallization products [33] . In fact, phase 2:14:1 was detected in this way [6, 7] . Soon it was discovered that such materials have a coercive force significantly greater than the corresponding massive magnets, including sintered magnets. For example, in melt-spun samples of Nd 2 Fe 14 B, a coercive force greater than 15 kOe can be easily obtained (see Table 1 ), while the coercive force of the corresponding sintered magnets is below 10 kOe. The higher the anisotropy of the material is, the higher coercive force values are expected. In Tb 2 Fe 14 B and Dу 2 Fe 14 B compounds with an anisotropy field H A 220 and 150 kOe, respectively, a coercive force of more than 60 kOe was obtained [34] .
After the discovery of R 2 Fe 14 B(C) compounds with a large coercive force in crystallized melt-spun flakes, a number of other compounds were obtained in the nanocrystalline state and their magnetic properties are shown in Table 1 . In the tetragonal Sm(Fe, M) 12 compound, stabilized with small amounts of М = Мо, Тi, V, large values of the coercive force were also obtained [35] . Later, strongly anisotropic Sm 2 Fe 17 N x and Sm 2 Fe 17 C x compounds were discovered; they were also obtained in the nanocrystalline state [36] .
Nanocrystalline single-phase materials have a chemical composition close to the stoichiometric composition of the hard magnetic phase with a minimum number of secondary phases, so the microstructure of such materials is fairly homogeneous, consisting of randomly oriented grains of the hard magnetic phase with clean boundaries, free from the presence of any phases [9, 10] . Such a microstructure differs drastically from the microstructure of sintered magnets whose composition deviates from stoichiometry towards a larger REM content (firstly, to ensure liquidphase sintering and, secondly, to compensate for REM fumes during sintering) when secondary phases (mainly rich REM) are isolated at grain boundaries. High values of the coercive force are usually easily obtained with a grain size of less than 80 nm. This size is usually smaller than the single-domain size of the particles, which for most highly anisotropic REM magnets is about ~ 1 μm ( Table 1 ). The study of the magnetic domain structure of a nanocrystalline Nd 2 Fe 14 B compound [37] showed that, in fact, domain walls cluster around the grain boundaries, again indicating that each grain is one domain. In flakes with a smaller grain size (< 40 nm) in the isotropic state, in addition to large values of Н c , higher values of the reduced residual magnetization (m r > 0.5) are observed. The presence of large domains [37] , the so-called "interaction domains" was revealed; they contain a large number of nanograins and result from the exchange interaction of the spins of neighboring grains, aligning the axes of easy magnetization (c-axes) in a certain direction, and creating a network magnetic texture in large areas.
The shape of the hysteresis loop of nanodispersed magnets depends very strongly on their microstructure. When melt-spun flakes are obtained with a cooling rate greater than the critical velocity, v crit , they are in an amorphous state and have high-permeability. Highcoercivity in such samples is obtained either by annealing or by changing the rotation speed of a watercooled copper disk to reduce the cooling rate and obtain the optimal microstructure. When cooled at a rate less than v crit , in the samples large grains with low Н c are formed. However, surprisingly, as a result of the annealing of such samples, a much finer microstructure is formed and, as a consequence, the highest values of Н c are obtained [4] .
The initial curve of magnetization of flakes cooled with v crit indicates that single-domain particles are formed in them. Due to the fact that the grains are randomly oriented (as well as their domains), high values of the magnetic susceptibility are observed in high fields and the saturation magnetization values can be obtained only from the law of approximation to saturation [3] . The resulting remanent magnetization m r of such samples is close to 0.5, indicating the absence of motion of the domain walls.
The finely dispersed inhomogeneous microstructure of the flakes makes it difficult to discuss the mechanism of reversal magnetization in the framework of either a pure domain wall fixing model or a model for the formation of reverse magnetization nuclei [38] . The first mechanism is supported by the shape of the initial magnetization curve, the field and temperature dependences of the coercive force [38, 39] . Durst and Kronmüller [40] , on the other hand, explained the mechanism by the data on the H c (T) dependence. The hysteretic behavior of the flakes is largely characterized by the interaction of single-domain particles, when the interaction of the domains of neighboring grains affects their magnetization reversal. In fact, the initial magnetization curve and the demagnetization curve [41] show that the reversal of the magnetization process at the last stage occurs by simultaneously reversing the magnetic moments of several grains. Magnetization reversal processes in finely dispersed magnets can be better explained within the framework of models of chaotic distribution of anisotropy and micromagnetism fields, which will be discussed somewhat later. Interactions will be much stronger in smaller grains (less than 20 nm) and this leads to the appearance of "interaction domains". The coercive force in this case is likely to be controlled by the motion of the domain walls in the "interaction domains".
Nanocomposite Magnets
Nanocomposite materials with a finely dispersed microstructure, consisting of a mixture of magnetically hard (to obtain high values of H c ) and magnetically soft (for obtaining high magnetization) phases between which there is an exchange interaction attract particular attention as promising materials for obtaining permanent magnets with high values of maximum energy product (BH) The chemical composition of nanocomposite magnets differs from the stoichiometric one because of the presence of soft magnetic phases rich in Fe and Co, which usually leads to the formation of a finely dispersed two-phase microstructure consisting of α-Fе(Со) soft magnetic and hard magnetic phases. The greater the amount of the soft magnetic phase is, the higher the residual magnetization is. However, this is due to a significant decrease in the coercive force of Н сМ . The selection of the composition of such magnets is carried out in such a way as to obtain the optimum value (BH) max . Permanent isotropic magnets with exchange interaction are characterized by a relatively flat demagnetization curve in the second quadrant with a high remanentmagnetization (m r > 0.5) despite the large amount of the soft magnetic phase. The magnetic properties of various nanocomposite systems are given in Table 2 .
In most of the systems studied, m r is greater than 0.6. The obtained values of the coercive force strongly depend on the amount of the hard magnetic phase and the features of the microstructure. This is clearly seen in the examples of the R 6 Fe 87 Nb 1 B 6 composition with R = Tb or Dy, the coercive force in which (1 kOe) is much less than in the melt-spun flakes of Nd 6 Fe 87 Nb 1 B 6 , despite the high anisotropy of the phases R 2 Fe 14 B (R = Тb, Dу) [34] . This is due to the formation of larger α-Fе grains because in these compositions, higher annealing temperatures are required to form the hard magnetic phase.
An interesting property of nanocomposite magnets is their greater degree of reversibility [48] at demagnetization, due to the presence of exchange interaction, allowing these magnets to be called "spring-loaded magnets". For the Nd 6 Fe 87 Nb 1 B 6 /α-Fe composition, the change in М r is very insignificant in demagnetizing fields up to 2.6 kOe, whereas in higher fields irreversible rotation of the magnetization vector occurs, leading to a rapid decrease in М r .
Another interesting fact in the behavior of magnets with exchange interaction is an increase in the Curie temperature of the hard magnetic phase, due to the effect of the exchange interaction. Lewis L.H. et.al [49] , and also in [50] [51] . An increase in the Curie temperature was due to the penetration of the exchange field of the phase with a higher Curie temperature into the neighboring phase with a lower Curie temperature [52, 53] . This led to an increase in the average effective molecular field of the last phase, and as a result, spontaneous magnetization was maintained at temperatures above its usual Curie temperature.
The exchange interaction has a strong temperature dependence and therefore in some nanocomposite systems at low temperatures hard and soft magnetic phases behave individually [28, 54] , for example, in the Pr 6 Fe 87 Nb 1 B 6 /Fe alloy. The loop, measured at 300 K, had a smooth demagnetization curve, whereas the demagnetization curves of loops measured at low temperatures (10…100 K) had a hump, which was more pronounced when the temperature was lower. The coercive force in these systems is composed of the grains of phases 2:14:1 and α-Fe grains, which become magnetically hard under the action of the exchange interaction. The coercive force of phase 2:14:1 increases sharply at low temperatures due to a sharp increase in the anisotropy constant K, whereas the coercive force of the exchangeinteracting α-Fe grains increases slightly, leading to the observed demagnetization curve.
On the basis of theoretical analysis [48] and modeling by the methods of micromagnetism [55 -57] it was shown that the magnetic properties of nanocomposite magnets depend both on the magnetic properties of the constituent phases and on the microstructural features. Kneller E.F. and Hawig R.
[48] found that in the microstructure with hard and soft magnetic phases, the exchange interaction was observed if the size of both phases was about double the width of the domain wall of the hard magnetic phase, which was less than 10 nm for the majority of hard magnetic phases. Fischer R. et al. [57] showed that M r and H cM decrease with increasing grain size, and magnetic properties deteriorate when an inhomogeneous microstructure is formed. Therefore, it is very important to obtain a homogeneous microstructure with very small grain sizes of the soft magnetic phase uniformly distributed in the microstructure of the nanocomposite magnets in order to obtain the optimum exchange interaction. Such microstructures can be obtained by optimizing both the composition and the production technology of nanocomposite magnets.
Usually, nanocomposite magnets are obtained from an amorphous state by annealing, during which a microstructure is formed [19, 28] , which provides the exchange interaction. However, the microstructure 9 obtained in this way is usually inhomogeneous and the grain size of hard and soft magnetic phases is large enough to provide an optimal exchange interaction. The average grain size for annealed melt-spun flakes of Pr 8 Fe 86 B 6 alloy, obtained from electron microscopic data, is about 30 nm. The structure is heterogeneous and contains large α-Fe grains with sizes up to 50…100 nm. To obtain a finer-grained microstructure, alloying elements M (M = Nb, Zr, Cr, etc.), which hindered the growth of α-Fe grains during the crystallization of flakes, were additionally introduced into the alloy [45, 58] . A much finer-grained and more uniform microstructure with an average grain size of about 15 -20 [55] .
The method of cooling melt-spun flakes of nanocomposite alloys with a critical (optimal) cooling rate on a rotating disc allows obtaining a fine-grained microstructure directly from the melt. Nanocomposite magnets from the R 2 Fe 14 B/Fe alloy at the optimum rotational speed of the disk [58] (for the Pr 2 Fe 14 B alloy velocity is about 16.7 m/s) have a homogeneous nanoscale microstructure with fine α-Fe grains and, as a result, their magnetic properties (m r , H c and (BH) max ) are higher in comparison with those of the same nanocomposite alloys obtained from an amorphous state with subsequent annealing. If the cooling rate is less than the optimum, the grain size of the 2:14:1 phases and α-Fe grains is higher, and if cooling rate is greater than the optimum, partial amorphization of the structure is observed; after crystallization it leads to the formation of large α-Fe grains.
A large number of studies have been carried out on the partial replacement of iron by cobalt in nanocomposite magnets in order to improve their thermal stability. It is well known that the Curie temperature of R 2 Fe 14 B alloys increases significantly with increasing cobalt content, while the anisotropy field decreases in this case [60] . In addition, the replacement of iron with cobalt leads to an increase in the amount and average size of α-Fe grains and to the appearance of small amounts of the R 2 (Fe, Co) 17 phase [45] . Thus, with the introduction of Co, the coercive force decreases from 9.0 kOe in the Pr 8 [46] . At elevated temperatures, the coercive force in cobalt replaced alloys was higher, which was associated with an increase in the Curie temperature, although at room temperatures it was somewhat less, which was due to a decrease in the anisotropy field.
The process of crystallization of amorphous alloys plays an important role in the formation of nanocrystalline microstructures. When studying the crystallization of nonstoichiometric alloys on the differential thermal analysis (DTA) and differential scanning calorimetry (DSC) curves, two or three peaks were observed [62] , indicating that the transition from an amorphous to an equilibrium crystalline state occurred in stages 2-3. [66, 67] . It follows that the annealing temperature should be high enough to obtain hard magnetic phase and the annealing time must be as small as possible to minimize the growth of α-Fe grains. It has been found in numerous studies that in most cases the size of the α-Fe grains is too large even under optimal annealing conditions and, therefore, additional alloying with elements such as Nb, Zr or Cr should be used to obtain smaller α-Fe grains, which has been discussed earlier.
The coercive force of hard magnetic materials is usually written in the form H c = (
, where K 1 and M s are the crystalline anisotropy constant and the saturation magnetization of the material, respectively, α k and N eff are constants that take into account the influence of the microstructure on the crystal field and the local internal field. The first term is a modified magnetic crystalline field in a real AM&T microstructure caused by various types of inhomogeneities (grain boundaries, secondary phases, impurity atoms, substitutional site, etc.), the second term is a demagnetizing field associated with an irregular shape of the grains.
The process of magnetization reversal of nanocomposite magnets is more complicated in comparison with that of conventional hard magnetic materials, which is connected with the coexistence of hard and soft magnetic phases between which there is an exchange interaction. The general anisotropy constant decreases under the action of the soft magnetic phase, which can be taken into account by replacing α k with k α′ = α k α ex , where the coefficient α ex is related to the exchange interaction. It is usually believed that the coercive force is controlled by the mechanism of nucleation of domains of the reverse magnetization in the soft magnetic phase. The nucleation field could be very small if there were no exchange interaction between the magneto-hard and the soft magnetic phases. In the case of the presence of such an exchange interaction, the nucleation field increases significantly and thus provides a high coercive force. This effect is known as "exchange hardening". A theoretical analysis of magnetic hardening in nanocomposite magnets was carried out in a number of works [48, 65] , and in [55 -57] it was studied by the method of micromagnetic modeling. E.F. Kneller and R. Hawig [48], using a onedimensional model, qualitatively explained the large reversibility of induction on the return curves.
In accordance with this model, the highest values of the coercive force are obtained when the size of the soft magnetic phase is equal to twice the width of the domain wall of the hard magnetic phase. R. Skomski and J.M.D. Coey [65] theoretically predicted the nucleation field and the energy product of nanocomposite magnets. According to their calculations, the nucleation field reaches a maximum when the diameter of the soft magnetic inclusions in the hard magnetic matrix becomes equal to the width of the Bloch wall of the hard magnetic phase. In [57] , it was shown by the method of micromagnetic modeling that the exchange interaction between phases suppresses the nucleation of domains of reverse magnetization and thus provides a high coercive force. It was also shown that M r and H c decreased with increasing grain size and that the magnetic properties deteriorated under the influence of the formation of an inhomogeneous microstructure, which agreed well with the experimental data [28, 45, 51] . All the studies mentioned above show that the coercive force of nanocomposite magnets depends strongly on the anisotropy field of the magnetically solid phase and on the grain size of the soft magnetic phase, which should be of the order of the width of the domain wall of the hard magnetic phase.
Conclusion
The consideration of the formation of magnetic properties of nanocomposite magnets with finely dispersed microstructure, consisting of a mixture of hard and soft magnetic nanosized phases between which the exchange interaction is realized, shows the possibility of creating constant super magnets with high values of the maximum energy product (BH) max due to a simultaneous increase in the residual induction B r and the coercive force H c .
